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Seasonal variability coupled with the intermittency of renewable energy 
sources makes reservoir hydroelectric plants an interesting option to consider 
in hybrid energy systems, especially in cases of dams that have not been com-
pleted or have been abandoned and which still have some potential for reuse. 
The Laranjeiras dam was completed in the 1960s and the original project for 
hydroelectric power generation was not completed, made impossible by eco-
nomic changes during the construction years. A recent study proposed the 
implementation of a hydroelectric photovoltaic hybrid system with lower 
horsepower to allow the dam to be made useful again. This paper presents the 
results of the computational simulations with the software Homer, consider-
ing the operation of the hydroelectric component (of the proposed hybrid 
system) with reservoir, playing the role of energy storage device when the 
production exceeds the demand at a given moment, reducing the loss of 
energy due to unavailability of demand. The study suggested to implement a 
hydroelectric power plant with power house at the base of the dam that has a 
height of 20 m, operating at a minimum flow of 9171 L/s, with reservoir op-
erating as a device for energy storage, operating with a photovoltaic system of 
360 kW, and a power limit for the purchase of energy from the grid equal to 
200 kW, providing consumer loads up to 40 MWh per day, with cost of 
energy equal to US$0.021 per kWh and a capital cost of US$3285.617. 
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1. Introduction 
Renewable resources are an important alternative for obtaining energy supplies, 
both on a small scale and by considering the larger interconnected systems. 
However, energy resources have some characteristics that make it difficult to use 
them, such as their unpredictable availability or their availability profile, which 
is almost always different from consumer demand profiles [1] [2]. One way to 
overcome these difficulties is the adoption of energy storage, allowing accumula-
tion of excess energy for use in times of drought. Unfortunately, there are still no 
really efficient ways to store energy after the process of converting other forms 
of energy into electricity. 
In this sense, the use of water reservoirs is the most efficient means currently 
available for energy storage and Brazil has a privileged situation, due to its great 
availability of water resources. Brazil currently operates a large number of re-
servoirs and the country is currently experiencing a crisis of water availability, 
which creates an environment of possible energy rationing and uncertainties as 
to the best ways to expand the energy system. This article intends to collaborate 
in this scenario with a study to add elements to the process of repowering an 
abandoned dam, which has lost viability over the years of its construction, with 
the economic crises experienced by Brazil in recent decades. 
Canales, Beluco and Mendes [3] have recently published a study comparing 
the operation of a hydroelectric plant with a reservoir and a reversible plant in 
the same enterprise, concluding that this second configuration proved to be bet-
ter from the technological point of view and also had the lowest environmental 
impacts. This study was based on the use of the well-known software Homer in 
its Legacy version [4] [5], which simulates only hydroelectric power plants oper-
ating at an instantaneous flow rate. This study was possible because, previously, 
a method to simulate hydroelectric power plants operating with reservoirs with 
capacity for energy storage [6] was developed. A method to simulate reversible 
hydroelectric plants [7] has also been developed. 
The Laranjeiras dam in southern Brazil was built in the 1960s but its energy 
project has lost viability over the years, with successive economic crises expe-
rienced by Brazil. The original project aimed to extract almost 7 MW of a struc-
ture that had a reservoir with 200,000 cubic meters and a channel with 5900 me-
ters long. Only the dam was completed and over time it found tourist purposes, 
being used to create favorable conditions for rafting. A recent study [8] proposed 
the implementation of a hydroelectric photovoltaic hybrid system to enable re-
powering of the dam. The proposed system was based on a hydroelectric power 
plant with 1497 kW installed at the base of the dam and a set of 180 kW on pho-
tovoltaic panels installed on the surface of the reservoir. 
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Yüksel [9] emphasizes that the existence of a reservoir in a hydroelectric plant 
allows hydroelectric power to be adaptable and flexible because the generation of 
electric energy can be programmed and optimized. Hydropower reservoirs can 
significantly increase the efficiency of hybrid power systems by reducing pollu-
tant emissions and enabling better integration of renewable sources such as wind 
or solar energy. The construction of dams and the operation of water reservoirs 
have several positive and negative impacts on the environment and, more 
broadly, on the societies in which they are inserted, as discussed by Zhang et al. 
[10]. In this way, it is very positive that reservoirs representing potential for 
power generation have this potential properly explored. 
This paper intends to contribute to studies involving the generation of energy 
in hybrid systems of micro and small size, eventually taking advantage of the 
complementarity between energy sources, in which the use of some energy sto-
rage device can result in reduction of the cost of energy. In this sense, this paper 
presents a case study in which clearly a reservoir used for energy storage contri-
butes to improve the performance of a photovoltaic hydroelectric hybrid system. 
This paper presents a study for the use of the reservoir formed by the Laran-
jeiras dam for energy storage to improve the performance of the hybrid photo-
voltaic hydroelectric system proposed for repowering the use of the dam. The 
study is based on the use of Homer software, applying specific method [6] for 
simulation of hydroelectric plants with reservoir. This article is composed of five 
other sections besides this Introduction. The next section describes the system 
under study and the following section presents the simulation of reservoir hy-
droelectric plants. The two subsequent sections present respectively the simula-
tions performed with Homer and the discussion of the results. The last section 
ends the article listing the conclusions. 
2. Hydro PV Hybrid System under Study 
Figure 1 shows the schematic diagram of the model adopted to describe the hy-
droelectric photovoltaic hybrid system proposed in this study. The hybrid sys-
tem simulated with Homer includes hydroelectric power plant with reservoir 
operated as energy storage, simulated following the method proposed by Ca-
nales, Beluco and Mendes [6], with photovoltaic panels and with the possibility 
of buying and selling energy to the grid. The hydroelectric plant appears con-
nected to the DC bus, with the reservoir simulated by a battery, with the DC bus 
having only these components connected. The photovoltaic panels, as a conse-
quence, appear connected to the AC bus. 
The optimum solution obtained with Homer software for the repowering of 
the Laranjeiras dam [8] includes a 20-meter-high hydroelectric power plant with 
an average flow of 9171 liters per second generating 1497 kW installed at the 
base of the dam, operating in conjunction with photovoltaic panels of 180 kW, 
operating on floating structures on the reservoir surface. This system was simu-
lated with the possibility of buying and selling 400 kW for the grid, providing 40 
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MWh per day, with a capital cost of US$3,984,885.00 per kW and cost of energy 
equal to US$0.026 per kWh. 
Figure 2 (reproduced from Ref. [8]) shows the Laranjeiras dam and a portion 
of the reservoir near the dam. This region can be found on Google Maps at the 
following link: https://goo.gl/maps/E8WuBzWMmpv. In this figure, just above 
the dam, a diagram showing 18 squares appears to compare the dimensions of a 
set of floating structures for photovoltaic panels with the dimensions of the re-
gion near the dam. Each of these squares corresponds to a 30 kW structure of 
photovoltaic panels. Thus, the optimum solution described above corresponds to 
one-third of the area occupied by these 18 squares in the figure. 
 
 
Figure 1. Schematic diagram of the model for the 
hydro PV hybrid system proposed in this study. 
 
 
Figure 2. Image of the Laranjeiras Dam. 
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The use of photovoltaic panels on the surface of reservoirs can have a number 
of advantages beyond the energy issue [11]. In this case, however, occupying 
such a small probable area, these advantages all vanish from the mere supply of 
energy. Wide photovoltaic coverage can help reduce water evaporation (reduc-
ing the loss of accumulated water) and reduce algae formation (with possible 
problems in turbine operation). 
3. Simulation of the Reservoir with Storage Capacity 
This study intends to evaluate the operation of a hydro PV hybrid system in the 
Laranjeiras dam using the possible storage capacity of the reservoir to obtain a 
better performance in the energy supply. In this sense, the software Homer will 
be used to study the consequences of energy storage on the performance of the 
hydro PV hybrid system. Following suggestions from Canales, Beluco and 
Mendes [6], the reservoir will be simulated using the model used by Homer to 
describe batteries. 
Figure 3 shows the accumulated volumes and the areas occupied by the re-
servoir formed by the Laranjeiras dam as a function of heights above sea level. 
The 212.00 m level corresponds to the top level of the dam. The 210.00 m level is 
considered the normal level and the daily variation is 1.40 m, between levels 
211.00 m and 208.60 m. The information on volume as a function of relative 
height will be used to transform a model of battery into a model of a reservoir of 
hydroelectric power plant. 
Figure 4 shows the data used to reconfigure the model of a 6FM200D battery 
to describe the performance of a water reservoir with the characteristics of the 
reservoir formed by the Laranjeiras dam. Unlike a real rechargeable battery, the 
reservoir will not lose charge for issues related to chemical reactions, but water 
may be lost through evaporation. Also unlike a real battery, the reservoir will not 
have its charging and recharging capacity changed if deep discharges occur, re-
sulting in very low states of charge. 
 
 
Figure 3. Relationship between dimensions and areas and between dimen-
sions and volumes for the reservoir formed by the Laranjeiras dam. 
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Figure 4. Use of the battery as a model to describe the reservoir formed by the Laranjeiras 
Dam. 
 
The model adopted for the simulations of this study, however, is much simp-
ler than the model proposed by Canales, Beluco and Mendes [6] from the model 
of a 6FM200D [12] automotive battery. The battery has a nominal capacity of 
33,468 Ah with a voltage equal to 960 Volts, resulting in a total storage capacity 
of 32,130 kWh (equivalent to the total energy stored in the reservoir). The bat-
tery has an efficiency of 100%, maximum charge rate equal to 100 Ampèresper 
Ah, maximum load current equal to 100 Ampères, for an operating period of 25 
years. The parameters of the model are maximum capacity of 33,468 Ah, capaci-
ty ratio of 0.996 and rate constant equal to 6.44 per hour. 
4. Simulations with Homer 
Homer [4] [5] is a well-known software [13] allowing the simulation of micro 
and small hybrid systems based on renewable energy resources, with support of 
diesel systems, connected to the grid and with energy storage in some types of 
batteries and also including the possibility of working with hydrogen. Homer 
simulates the hybrid system for all combinations of optimization variables, thus 
constructing an optimization space, identifying in this space the effects of sensi-
tivity variables. The Legacy version [14] was used in this work, but there are new 
versions available on the Homer Energy website. 
Figure 1 shows the diagram of the simulated system in this study, which cor-
responds to the system of the work of Vasco et al. [8], now including the water 
reservoir as a device for energy storage. The figure shows a hydro PV hybrid 
system with connection to the grid intending to initially meet the same load 
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served by the system simulated by Vasco et al. [8], with 40 MWh of daily con-
sumption with constant demand of 1667 kW. 
Figure 5 shows the water availability data, which was obtained with the dis-
charge data of the plant upstream in the same river. In this figure, above, 
monthly minimum, average and maximum values and below, the hourly distri-
bution of the stream flow throughout the year. In addition to the water availabil-
ity data, cost data are also required for system simulation. The cost of repower-
ing project, including the purchase of components and installation of hydroelec-
tric power plant was estimated in 2010 as being in the range of US$500.00 to 
US$1000.00 per kW installed in Brazil [15]. According to Braciani [16], the av-
erage cost per kilowatt installed from reservoir hydroelectric in Brazil is about 
US$1324.00 per kW, with approximately 45% of this cost corresponding to civil 
works. 
The configuration proposed by Vasco et al. [8] suggests the installation of the 
engine room of the hydroelectric plant along the base of the dam, according to 
the topography of the terrain. The turbine can operate with flows from 50% to 
150% of the nominal flow rate, which is equal to 9000 liters per second and the 
height of the hydroelectric potential is 20 meters, resulting in an installed power 
of 1497 kW. Simulations with Homer were performed considering the stream 
flow as a sensitivity variable, with values scaled by 9171 L/s, 10,088 L/s and 
11,005 L/s, corresponding respectively to the value suggested by the data of Fig-
ure 5, and to the addition of 10% and 20% to this value. These increment values 
correspond to the flow of a contributing river, which was not added to the data 




Figure 5. Flow discharged by the Canastra hydroelectric power plant. Above, monthly 
minimum, average and maximum values; below, the hourly distribution of the values 
throughout the year. 
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The costs of the hydroelectric power plant are considered as a sensitivity vari-
able to allow the analysis of its influence on the project, since it is a power plant 
to be reformulated. The capital cost as a sensitivity variable was considered in 
the simulations with the following values: US$750,000.00 per kW, US$900,000.00 
per kW, US$1,050,000.00 per kW. The cost of replacing the equipment at the 
end of its useful life is considered to be equal to 80% of the capital cost. The an-
nual cost of operation and maintenance has a typical value of 4% of the capital 
cost [15], resulting in US$37,500.00 per kW, US$450,000.00 per kW, US$52,500.00 
per kW. These values for replacement costs and operation and maintenance 
costs are linked to the capital cost for the simulations. 
Figure 6 shows the data of solar radiation incident on horizontal plane at the 
dam site, which were obtained by the software Homer [4] [5] in a NASA data-
base. In this figure, above, monthly minimum, average and maximum values 
and below, the hourly distribution of the solar radiation throughout the year. 
The second of the two graphs in this figure is very eloquent as to the intermit-
tence of solar energy throughout the days of the year, subject to the natural vari-
ation of the solar energy resource and the influence of the climate throughout 
the seasons. In addition to the solar resource data, cost data are also required for 
system simulation. Photovoltaic panels have at the same time presented a reduc-
tion of costs for acquisition and a pronounced growth in their demand for ener-
gy conversion facilities on several different scales. 
The set of photovoltaic panels and floating structure with installed power of 
30 kW, as suggested by Schultz [17], was used as reference. The size of the pho-
tovoltaic system was considered in the simulations as optimization variables, 
with the following values: 0 kW, 180 kW, 360 kW, 540 kW, 720 kW, 900 kW, 
1080 kW, 1260 kW, 1440 kW, always multiples of 30 kW. The useful life was 
considered as equal to 12.5 years, thus avoiding considerable losses of efficiency 
for a project period of 25 years. 
The cost of purchasing photovoltaic panels was considered equal to US$3200 
per kWp, with an end-of-life cost of 80% of this value and an annual cost of op-
eration and maintenance equal to 5% of the capital cost. The cost of set photo-
voltaic panels and supporting and floating structure adds approximately 30% to 
the capital cost of photovoltaic panels [11]. As photovoltaic plants have been re-
ceiving fiscal and financial incentives of various types, and have been experienc-
ing a considerable reduction of acquisition costs with each new year, the simula-
tions included as a sensitivity variable a multiplicative cost factor, with the fol-
lowing values: 1.00, 0.50, 0.25, 0.15, 0.10, 0.05, 0.01. 
The generators of the hybrid power system are interconnected by AC and DC 
busbars and are responsible for providing a constant electric charge to the grid. 
The flow of energy from one bar to the other is possible with the use of conver-
ters, which perform the functions of inverters and rectifiers in the same compo-
nent. The device can function as rectifier and inverter with 100% of the total ca-
pacity, with efficiency of 85% as an inverter and 90% as a rectifier. The useful life 
is estimated as 12.5 years. 
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Figure 6. Solar radiation incident on a horizontal plane, obtained with HOMER, for the 
location of the Laranjeiras Dam. Power Plant. Above, monthly minimum, average and 
maximum values; below, the hourly distribution of the values throughout the year. 
 
The system is also supported by a diesel generation system, inserted in the si-
mulations with the following installed capacities: 0 kW, 12.5 kW and 25 kW. The 
system also has batteries, inserted as banks of batteries with 0, 60 and 120 batte-
ries. The simulations were performed for the following values for the sensitivity 
variables: 30,000 MWh per day, 35,000 MWh per day and 40,000 MWh per day 
for the constant load of the energy system to be served; 0 kW, 200 kW and 400 
kW for the power purchase and sale capacity of the grid; and US$0.60 per liter, 
US$0.70 per liter, US$0.80 per liter and US$0.90 per liter of diesel. 
Table 1 presents the optimization variables while Table 2 shows the sensitivi-
ty variables considered in the simulations performed with the Homer Legacy. 
The 27 variables, 9 to 9, in the last three columns of Table 2, actually count as 9 
variables, 3 to 3, since the variables are linked as indicated. 
5. Results and Discussion 
This chapter presents the results of the simulation of the hybrid system shown in 
Figure 1, which is basically the system simulated by Vasco et al. [8], now with 
the photovoltaic modules in the AC bus and the DC bus dedicated to the simula-
tion of the hydroelectric power plant proposed by them and operated with the 
use of the energy storage capacity provided by the reservoir formed by the La-
ranjeiras dam. The system proposed by Vasco et al. [8] basically included a hy-
droelectric plant with 1497 kW and a set of photovoltaic panels (on floating 
structures installed on the water surface) with 180 kW, meeting a constant de-
mand of the grid of 1667 kW and 40 MWh per day. 
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Table 1. Optimization variables for the simulations performed with Homer Legacy. 
PV array [kW] Grid [kW] Lar Res Converter [kW] 
0.0 900.0 0.0 0 0.0 
180.0 1080.0 200.0 1 1800.0 
360.0 1260.0 400.0 2 3600.0 
540.0 1440.0  3 5400.0 
720.0   4 7200.0 
 











30,000.0 9171.0 250,000.00 1.00 1.00 
35,000.0 10,088.1 300,000.00 1.20 1.20 
40,000.0 11,005.2 350,000.00 1.40 1.40 
45,000.0  linked to linked to linked to 
  Hydro Repl [$] LaRes Repl Multiplier Converter Repl. Multiplier 
  200,000.00 1.00 1.00 
  240,000.00 1.20 1.20 
  280,000.00 1.40 1.40 
  linked to linked to linked to 
  Hydro O&M [$] LarRes O&M Multiplier Converter O&M Multiplier 
  12,500.00 1.00 1.00 
  15,000.00 1.20 1.20 
  17,500.00 1.40 1.40 
 
Figure 7 shows the result provided by Homer and was considered the optimal 
result, indicating that the operation of the reservoir allows to increase the in-
stalled power in photovoltaic modules. The system proposed in this paper in-
cludes the hydroelectric power plant with 1497 kW and a set of photovoltaic pa-
nels (on floating structures installed on the water surface) with 360 kW, meeting 
the same constant demand of the grid equal to 1667 kW and 40 MWh per day. 
This system also considers the hydroelectric power plant operating with a stream 
flow rate obtained by the use of the energy storage capacity of the reservoir 
formed by the Laranjeiras dam. 
The power appearing in “Conv” in (the ninth column of) this figure, equal to 
1800 kW, does not correspond to a power actually installed. This value was se-
lected by Homer for the converter capacity and corresponds to the maximum 
power value that is inserted by the hydroelectric power plant operated with re-
servoir in the AC bus. This value is within the operating range of the hydroelec-
tric plant, which is 1.497 kW ± 748 kW, corresponding to a range from 50% to 
150% of the nominal flow rate. 
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Figure 7. Optimal result obtained by Homer for the system of Figure 1. 
 
The operation of the reservoir allowed to reduce the demand for energy 
supply from the grid to support some moments throughout the year, in which 
the available power was not sufficient to supply the consumers demand, from 
400 kW [8] to 200 kW. On the other hand, however, there is no surplus energy 
to be sold to the grid (affecting the viability of the system), in addition to the 
energy supply for which the system was designed, and thus the sales capacity for 
the grid is equal to 0 kW. 
The solution shown in Figure 7 presents a total net present cost of 
US$3,285,617 and a capital cost of US$1,857,680, with a cost of energy equal to 
US$0.021 per kWh, with 99% of the energy supplied to the hybrid system with 
renewable origin. These results should be quoted with the results presented by 
Vasco et al. [8], when this system was studied without the use of the reservoir as 
a device for energy storage. That system presented total net present cost of 
US$3,984,885, capital cost of US$1,154,480, cost of energy of US$0.026 per kWh 
and 90% of the energy supplied with renewable origin, but with half the power 
installed in PV modules and with a capacity of storage in batteries much smaller 
than the capacity of storage of the reservoir. The hybrid system proposed in this 
paper presents lower total net present cost and greater penetration of renewable 
resources in the energy supply, losing only in the initial cost, since the use of the 
reservoir for energy storage allows the installation of a greater PV power. 
Figure 8, Figure 9 and Figure 10 show optimization spaces for the capital 
cost of the hydroelectric power plant [US$/kW] as a function of the consumers 
demand per day [kWh/d], with the PV power superimposed on the graph, 
without connection to the grid, respectively for stream flow rates of 9171 L/s, 
10,088 L/s and 11,005 L/s. The blank area in Figure 8 and Figure 9 indicate that 
no viable hybrid systems exist for these combinations of hydropower capital 
costs and consumers demand, caused by the reduction of the possibilities of 
buying and selling energy with the grid. 
These three figures show only two possible solutions: in the first, the hydroe-
lectric power plant only, in blue with sloping lines, while in the second, the hy-
droelectric power plant added to the photovoltaic modules, in yellow with slop-
ing lines, both connected to the grid and with the water reservoir used for energy 
storage. 
The results of Figure 9 indicate that the demand of 40 MWh per day can be 
met with 360 kW in photovoltaic panels, but Figure 10, with the highest availa-
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ble flow, indicates that for the same demand the solutions do not include pho-
tovoltaic panels, but the demand of 45 MWh per day should include a much 
higher power of 1440 kW. These solutions meanwhile cost much more than 
other solutions, with a total net present cost of US$8,203,995 and a cost of ener-
gy of US$0.047 per kWh. 
The solution adopted in this paper corresponds to an average stream flow 
greater rate than the average stream flow rate adopted in the solution proposed 
by Vasco et al. [8], without the use of the reservoir for energy storage. The high-
er average flow rate, equal to 10,088 L/s, is possible because the simulations were 
performed with only the flow released by the power plant located upstream in 
the river, as explained in Ref. [8]. 
Figure 11 shows the variation of charge states of the reservoir formed by the 
Laranjeiras dam and operated for energy storage. The variation of the states of 
charge throughout the year can be observed. The water reservoir is almost empty 
near the period of less water availability, a little earlier than the period of less so-
lar energy availability, and the reservoir ends the year completely full. The ener-
gy resources have little complementarity and the periods of maximum availabil-
ity also coincide approximately in time. 
6. Conclusions 
This paper presents the main results of a pre-feasibility study of a hydroelectric 
photovoltaic hybrid system for the repowering of the Laranjeiras dam, in south-
ern Brazil, considering the use of the reservoir formed by the dam for energy 
storage. The optimum solution obtained with Homer includes a hydroelectric 
power plant generating 1497 kW installed at the base of the dam, operating in 
conjunction with 360 kW PV modules, operating over floating structures on the  
 
 
Figure 8. Optimization space for the capital cost of the hydroelectric power plant [US$/kW] as a function of the consumers de-
mand per day [kWh/d], with the PV power superimposed on the graph, without connection to the grid, for a stream flow rate of 
9171 L/s. 
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Figure 9. Optimization space for the capital cost of the hydroelectric power plant [US$/kW] as a function of the consumer loads 




Figure 10. Optimization space for the capital cost of the hydroelectric power plant [US$/kW] as a function of the consumer loads 




Figure 11. State of charge of the reservoir formed by the Laranjeiras Dam for the solu-
tion of Figure 7 and which is part of the optimization space of Figure 9. 
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surface of the water reservoir. This system was simulated with the possibility of 
buying 200 kW and not selling surplus energy for the grid, supplying 40 MWh 
per day, with a capital cost of US$3,285,617 per kW and a cost of energy of 
US$0.021 per kWh. 
The comparison of the results of this paper with the results previously pre-
sented by Vasco et al. [8], which studied the design of this hybrid system without 
the use of the reservoir for energy storage, indicated some benefits of the reservoir 
in the operation of the hybrid system. Energy storage allowed raising the power of 
the PV modules from 180 kW to 360 kW and also increasing the penetration of 
renewable energy in the system from 90% to 99%. The energy storage also al-
lowed reducing the total net present cost from US$3,984,885 to US$3,285,617 and 
the cost of energy from US$0.026 per kWh to US$0.021 per kWh. Feasibility of 
the optimal solution with a higher average stream flow rate contributed to these 
results, both technically and financially. 
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